We propose a minimally extended gauge symmetry model with U (1) R , where only the righthanded fermions have nonzero charges in the fermion sector. To achieve both anomaly cancellations and minimality, three right-handed neutrinos are naturally required, and the standard model Higgs has to have nonzero charge under this symmetry. Then we find that its breaking scale(Λ) is restricted by precise measurement of neutral gauge boson in the standard model; therefore, O (10) TeV Λ. We also discuss its testability of the new gauge boson and discrimination of U (1) R model from U (1) B−L one at collider physics such as LHC and ILC. * Electronic address: nomura@kias.re.kr † Electronic address: macokada3hiroshi@cts.nthu.edu.tw
I. INTRODUCTION
A U(1) B−L gauge symmetry [1] is one of the natural extensions of the standard model (SM) to accommodate the three right-handed neutrinos to cancel the gauge anomalies out, and these neutral fermions play roles in arising various sources such as Baryon CP asymmetry of the Universe, a dark matter candidate, as well as light active neutrinos and their mixings with Majorana type, depending on model buildings. Thus a lot of applications have been achieved.
As a similar symmetry that requires three right-handed neutrinos due to the anomaly cancellations [2, 3] , there exists an right-handed gauge symmetry U(1) R [4] , where lefthanded fermions do not have nonzero charges under this symmetry. The chiral charge assignment for the SM fermions would be natural as the fermions are chiral under U(1) Y charge assignment. In addition the chiral structure provides richer phenomenology such as forward backward asymmetry at collider experiments. However these kinds of models are not applied to a lot of phenomenologies compared to the B − L one, due to different charges between right-handed and left-handed fermions. In particular, a minimal realization of the model with U(1) R is not sufficiently investigated although the symmetry has been applied to extensions of SM such as two Higgs doublet models [2, 3, [5] [6] [7] [8] [9] .
In this letter, we realize a minimal extension of the SM with U(1) R gauge symmetry, by imposing nonzero U(1) R charge on the SM Higgs. However, in this case, several constraints has to be considered such as oblique parameters [10] and precise measurement of the neutral vector boson of SM (Z) [11] . The most stringent constraint arises from the measurement of the SM Z boson mass (m Z ), where the lower bound of vacuum expectation value(VEV) to break the U(1) R symmetry is O(10) TeV [12] 1 . Therefore it could still be testable scale at current/future collider experiments.
This letter is organized as follows. In Sec. II, we introduce our model, and formulate
Higgs sector, neutral gauge sector, neutrino sector, and interacting terms. And we discuss phenomenologies of new neutral gauge boson at colliders. Finally we devote the summary of our results and the conclusion.
1 This model naturally leads us to a type-II two Higgs double model. It implies that the constraint from measurement of the SM Z boson mass is more or less the same as our present model due to large hierarchy between two kinds of VEVs. 
, where its upper index a is the number of family that runs over 1 − 3.
II. MODEL SETUP AND CONSTRAINTS
In this section we formulate our model and derive some formulas such as Z-Z ′ mixing and neutrino mass matrix. We add three families of right-handed Majorana fermions ν a R (a = 1 − 3) and an isospin singlet boson ϕ, both of which carry nonzero U(1) R charges. Furthermore, the SM Higgs boson also has nonzero U(1) R charge that plays an crucial role in determining the scale of U(1) R breaking Λ O(10) TeV as discussed later. All the field contents and their assignments are summarized in Table I . The relevant Yukawa interactions and scalar potential under these symmetries is given by
whereH ≡ iσ 2 H, and upper indices (a, b) = 1-3 are the number of families, and y ν can be diagonal matrix without loss of generality due to the phase redefinitions of fermion fields. The masses of the SM fermions in both quark and charged-lepton sector are given by
, and m ℓ = y ℓ v/ √ 2, which are the same as the SM one. Notice that our Lagrangian has accidental global symmetry of lepton number when we assign lepton number 2 for ϕ which will be broken after ϕ developing a VEV. Also there is an accidental global baryon number symmetry as in the SM.
Scalar sector: The scalar fields are parameterized as
where w + , z, and z ′ are massless Nambu-Goldstone(NG) bosons which are absorbed by the SM gauge bosons W + and Z, and extra Z ′ boson from U(1) R . Inserting tadpole conditions for r and r ′ , we obtain the mass matrix for CP even scalar, m 2 R , in the basis of (r, r ′ ), and the mass eigenstates {h, H} is found to be (r, r 
with
The mass eigenvalues are also calculated such that
Here h 1 ≡ h SM is the SM Higgs, therefore, m h =125 GeV. The mixing effect for CP-even scalar is constrained by the measurements of Higgs production cross section and its decay branching ratio at the LHC, and s a 0.2 is provided by the current data [11] .
Since H has nonzero U(1) R charge, there is mixing between Z SM and Z ′ . Taking x = 1 2 , the resulting mass matrix in basis of (Z SM , Z ′ ) is given by
where (2) L , and U(1) R , respectively. Then its mass matrix is diagonalized by the two by two mixing matrix V as V m
we work under ǫ 2 2 << 1 and
Since the ambiguity of the Z boson mass is around 0.0021 [11] we require
Therefore one finds the stringent constraint on the v ′ from Eq. (7) and (9) as
The Z R mass can be approximated as Fermion sector: Here we focus on the neutral sector, since the other three sectors are the same the SM one as discussed above. The six by six mass mass matrix in basis of (ν L , ν R )
is given by
and
and O N is six by six unitary matrix. Assuming m D << M, one finds the following mass eigenvalues and their mixing O N : eV. The scale of y D can be tested by the current experimental data at the LHC [13] . One also finds the following relation between flavor-and mass-eigenstate:
Interactions via kinetic terms: Now that we formulate the masses and their mixings for the neutral fermions, one can write down the interacting term from the kinetic Lagrangian excluded by the latest data [17] . The gray region is constrained by Eq. (10) from the relation
where c w ≡ cos θ w is Weinberg angle. The other three sectors are given by
In the following, we take x = 1 for simplicity.
III. Z ′ PHYSICS AT COLLIDERS
Here we discuss collider physics of Z ′ boson. Since Z ′ couples to the SM leptons, the LEP experiment provides the constraint on the effective interaction induced from Z ′ exchange;
where f indicates all the fermions in the model. Note that the above interaction includes only the right-handed chirality due to the nature of U(1) R symmetry. The analysis of data by LEP experiment in Ref. [14] provides the constraint such that
We thus find that constraint from Z SM -Z ′ mixing gives more stringent bound than the one from LEP for m Z ′ /g ′ = 2v ′ as in Eq. (10).
The Z ′ boson can be produced at the LHC via the process→ Z ′ and decay channel of
will provide the most significant signature. The branching fraction for
− is similar to U(1) B−L case since the Z ′ universally couples to quarks and leptons.
We estimate the cross section with CalcHEP [15] implementing relevant interactions and using the CTEQ6 parton distribution functions (PDFs) [16] . Then we obtain the value of 6 × 10 −5 pb for the process pp → Z ′ → µ + µ − with m Z ′ = 4 TeV and g ′ = 0.1. The Fig. 1 shows the excluded region by the current LHC data [17] and the VEV constraint in Eq. (10) . We find that the current LHC constraint is stronger(weaker) than that from v ′ for m Z ′ ( ) 3.9 TeV, and wider parameter region of {g ′ , m Z ′ } can be tested by the future LHC experiments. The chirality structure could be tested at the LHC by measuring forwardbackward and top polarization asymmetries in Z ′ → tt mode [18] , which will distinguish our
The effective interaction in Eq. (17) can also be tested by measuring the process e + e − → ff at the International Linear Collider (ILC) even if Z ′ mass is very heavy to directly produce at the LHC. In particular, analysis with polarized initial state is useful to distinguish our model from other Z ′ such as U(1) B−L , since our Z ′ couples only right-handed SM fermions.
The partially-polarized differential cross section can be written by [19] dσ(P e − , P e + ) d cos θ = σ e − ,σ e + =± 1 + σ e − P e − 2 1 + σ e + P e − 2
where P e − (e + ) is the degree of polarization for the electron(positron) beam and σ σ e − σ e + indicates the cross section when the helicity of initial electron(positron) is σ e − (e + ) ; the helicity of final states is summed up and more detailed form is found in ref [19] . We then define polarized cross sections σ L,R by following two cases as realistic values at the ILC [20] :
The polarized cross sections are applied to study the sensitivity to Z ′ through the measurement of a forward-backward asymmetry at the ILC which is given by
where a kinematical cut c max is chosen to maximize the sensitivity, L is an integrated luminosity and ǫ is an efficiency depending on the final states. Here we assume ǫ = 1 for electron and muon final states, and c max = 0.5(0.95) is taken for electron(muon) final state [22] . . Furthermore, we consider two types of Z ′ boson interaction with SM-fermions;
vector-like couplings and right-handed chiral couplings which are respectively correspond to U(1) B−L and U(1) R cases. The sensitivity to Z ′ contribution is estimated by
which is compared with a statistical error of the asymmetry, assuming only SM contribution
Here we focus on the µ + µ − mode since it is the most sensitive one [12] . In Fig. 2 , we show analysis of fitting the scattering angular distribution will help us to enhance the sensitivity to Z ′ interaction [23] , although it is beyond the scope of our paper. In addition, more precise measurement of Z SM mass at the ILC will also test our model.
More phenomenology can be considered when the heavy neutrinos are not very heavy since pp → Z ′ → ν H ν H process would be realized at the LHC. Heavy neutrinos in the final state will decay into ℓ ± W ∓ through mixing effect θ, and the invariant mass of final state provides Z ′ mass. A detailed analysis of the process will be given elsewhere. 
